The generation of four-to five-cycle mid-infrared pulses using a single-stage potassium niobate optical parametric amplifier ͑OPA͒ is demonstrated. The OPA is pumped by a gain-switched Ti:Sapphire regenerative amplifier and is seeded with the near-infrared portion of a white light continuum. The OPA is continuously tunable from 2700 to 4700 nm, and maintains sub-65 fs pulses that are fully characterized using cross-correlation frequency-resolved optical gating ͑XFROG͒. These are the shortest near-transform-limited pulses reported over this large infrared spectral range. This apparatus is used to measure ultrafast vibrational responses, specifically, pulse profiles modified by the free-induction decay ͑FID͒ of O-H oscillators. Both the intensity and instantaneous phase of these pulses are determined after traversing samples of isotopically diluted water ͑HDO in D 2 O͒ using XFROG, representing a new application of the XFROG technique to the study of ͑dipolar͒ molecular responses. Pronounced beating of the trailing edges of FID-modified pulses is observed even below optical densities of one, and the details of these features are found to depend on the chirp of the field used to generate the FID. These results indicate that discretion should be used in the selection of sample conditions for nonlinear infrared spectroscopic measurements.
I. INTRODUCTION AND BACKGROUND
The mid-infrared ͑mid-IR͒ spectral region is one of great interest for ultrafast spectroscopic studies. In particular, vibrational modes absorbing near 3000 nm such as O-H and N-H stretches ͑and their deuterated analogs in the 4000 nm region͒ provide sensitive probes of their molecular environments, especially when these modes participate in hydrogen bonding. Therefore, this spectral range is significant for understanding vibrational dynamics in, for example, aqueous systems ͑liquid and solid water and solutions͒. The region from 5000 to 6000 nm is also important since carbonyl stretching vibrations, including the amide I band of proteins, absorb in this range. These interests have led to the development of Ti:Sapphire laser-based mid-IR optical parametric oscillators ͑OPOs͒ [1] [2] [3] and optical parametric amplifiers ͑OPAs͒, 4 -18 with most devices generating ϳ100-200 fs pulses. However, sub-100-fs pulse durations in the 3000 to 4000 nm region are crucial to the study of hydrogen-bonded liquids so that the fast dephasing times of hydrogen-bonded X-H͑D͒ stretching vibrations ͑XϭN, O͒ can be resolved. Therefore, a challenge in ultrafast mid-IR spectroscopy is the generation and maintenance of ultrashort pulses in this spectral region.
Two widely used designs of parametric conversion devices for ultrashort mid-IR pulse generation are near-IR seeded OPAs pumped near 800 nm and near-IR beta barium borate ͑␤-BaB 2 O 4 ; ''BBO''͒ OPAs followed by difference frequency mixing of the signal and idler in silver gallium sulfide (AgGaS 2 ). The BBO-AgGaS 2 design 4,5 requires multiple stages of frequency conversion to generate the mid-IR, whereas the near-IR-seeded design can generate the mid-IR in the first step. However, the most common type of near-IR-seeded OPA uses potassium titanyl phosphate ͑KTiOPO 4 ; ''KTP''͒ as a nonlinear crystal and near-IR light from a white light continuum as the signal pulse. [6] [7] [8] KTP has a relatively small effective nonlinear coefficient, necessitating multiple OPA stages ͑by amplifying the near-IR signal in BBO, 6, 7 seeding with an OPO, 9, 10 and/or adding another KTP crystal 7, 8 ͒ to attain usable mid-IR pulse energies. Furthermore, the transparency of KTP decreases significantly for wavelengths longer than 3500 nm. 19 Therefore, an additional stage with a different crystal is necessary for studies near 4000 nm ͑e.g., for experiments on O-D ͑Ref. 20͒ or N-D stretching vibrations͒. While this OPA design provides a simpler alternative to narrow-band seeded devices, [11] [12] [13] [14] which require cumbersome tuning of oscillator and amplifier spectra in order to tune the spectrum of the mid-IR idler, it would be preferable to use a nonlinear crystal with a larger nonlinear coefficient and broader transparency range. This would permit the use of a thinner crystal and/or fewer OPA stages, reducing material dispersion and permitting larger phasematched bandwidths for short mid-IR pulse generation.
The nonlinear crystal potassium niobate (KNbO 3 ) has shown promise as a medium for femtosecond mid-IR generation. 1, 13, 15, 16 This isomorph of KTP ͑point group mm2, negative biaxial͒ has an effective nonlinear coefficient four times larger than KTP ͑see Sec. II͒. Furthermore, the transparency range of KNbO 3 allows the generation of mid-IR pulses with spectral content beyond 4000 nm. For example, Spence et al. reported operation of a KNbO 3 OPO at wavelengths as long as 5200 nm. 1 KNbO 3 has been used in a Ti:Sapphire oscillator-pumped OPO to generate 60-80 fs mid-IR pulses, 1 and a narrow-band-seeded mid-IR KNbO 3 OPA has produced 130-180 fs pulses. 13 Still, the temporal characteristics of mid-IR pulses in the entire 2800 to 4500 nm range from continuum-seeded KNbO 3 OPAs 15, 16 have not been reported.
Continuum-seeded OPAs have distinct advantages over OPOs and narrow-band-seeded devices. In general, the OPA configuration is preferable to the oscillator-pumped OPO for nonlinear spectroscopy applications as the high-power OPA pump beam can be split for use in a two-color pump-probe experiment or for further frequency conversion. In addition, the spectrum of the output of the continuum-seeded OPA design is easier to tune than the narrow-band-seeded configuration, since a broad spectrum of seed wavelengths is automatically present. Therefore, a continuum-seeded KNbO 3 OPA, coupled with effective pulse characterization and compression techniques, has the potential to generate ultrashort mid-IR pulses in the 3000 to 4000 nm region for ultrafast vibrational spectroscopic applications.
Advances in the development of subpicosecond mid-IR light sources have enabled nonlinear optical ͑e.g., pumpprobe and photon echo͒ measurements to be extended to the infrared and most often have been used to study the dynamics of carbonyl and oxygen-hydrogen stretching vibrations. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] However, given the small transition dipole moments of typical vibrational transitions compared to electronic transitions, nonlinear vibrational spectroscopic signals tend to be small relative to their optical counterparts. In addition to requiring higher energy pulses, these studies often employ samples with optical densities ͑O.D.͒ of ϳ1, significantly larger than the O.D. of 0.3 that is typical of optical frequency ͑electronic spectroscopy͒ measurements. The question then arises as to how the signal is influenced by a strongly absorbing sample, i.e., how are the pulses affected and how does this impact the nonlinear optical responses that are measured?
The propagation of short ͑relative to material timescales͒, resonant pulses through highly absorbing media has been studied in the optical [37] [38] [39] [40] [41] [42] and infrared [43] [44] [45] [46] regions, most often by time-gated ͑frequency upconversion͒ detection of pulse profiles. These studies have shown that pulse profiles can undergo significant distortions arising from destructive interference between the initial ͑finite temporal duration͒ pulse field and the free-induction decay ͑FID͒ field generated from the induced linear polarization ( P (1) ). The phase of P (1) is shifted 90°from that of the initial ͑driving͒ field, and the FID field radiated by P (1) is an another 90°out of phase with the polarization itself, giving an overall phase shift of 180°between the initial pulse field and that of the FID. This interaction leads to a beat-like feature in the signal. In addition, reabsorption of the FID can lead to the emission of a second FID, and so on, leading to additional interferences and intensity minima in the trailing portion of the pulse profile. 47 These features have been referred to as ''polariton beats'' in the solid-state physics literature; 38, 41 in this article, they will be denoted as ''FID beats. '' It has been demonstrated that the influence of pulse propagation on nonlinear spectroscopic signals must be taken into account in order to accurately model dynamics in high optical density samples ͑e.g., in optical four-wave mixing experiments on GaAs quantum wells 40 and picosecond IR pump-probe measurements on acetic acid solutions͒. 46 These effects become significant when the duration of the pulses is less than or on the order of the inverse bandwidth of the probed transition. Therefore, as the duration of available infrared pulses decreases, it is expected that these effects will become increasingly relevant to the nonlinear vibrational spectroscopy of condensed-phase systems.
The phase changes experienced by these pulses are also of interest; a phase shift would be expected between intensity maxima of the modulated pulse ͑i.e., FID beat͒ profile. However, additional phase distortions due to the dispersion of the real part of the material index of refraction, as well as any chirp inherent to the pulses used to generate the polarization, may also influence the profiles. Therefore, measurement of both the amplitude and phase of the pulse electric field would provide additional insight into the interactions between the pulse and the medium. Interferometric techniques have been widely used to determine the amplitude and phase of femtosecond linear 39, 40, 48 and nonlinear 32, 39, 40, [49] [50] [51] [52] [53] spectroscopic signals. Another strategy employed a picosecond streak camera and monochromator to measure the time-dependent spectra of pulses after linear and nonlinear pulse propagation in CdS and used this joint timefrequency information to obtain information about the phase of the signals. 42 The noninterferometric frequency-resolved optical gating ͑FROG͒ family of techniques also provides a route to the determination of phase information on electric fields via an iterative Fourier transform algorithm, 54 but primarily has been limited in its application to ultrashort pulse characterization. 55 Cross-correlation FROG ͑XFROG͒ 56,57 is a natural extension of the standard upconversion technique for measuring signal profiles and could be used to gain amplitude and phase information on signals. [58] [59] [60] In this article, we demonstrate the generation and characterization of ultrashort pulses in the short-wavelength mid-IR spectral region and examine the influence of absorptive media on their profiles. A KNbO 3 OPA producing sub-65-fs pulses with spectral content ranging from 2700 to 4700 nm, covering the full range of X-H͑D͒ stretching transitions ͑XϭC, N, O͒, is reported. The temporal properties of these pulses are fully characterized ͑to a constant phase term͒ using XFROG. Pulses with center wavelengths between 3000 and 4600 nm contain approximately five or fewer optical cycles, representing, to our knowledge, the shortest mid-IR pulses reported over this entire range. 11 A preliminary account of the performance of this OPA has been reported. 58 The design is similar to those described by Kafka and Watts 15 and Cussat-Blanc et al., 16 but uses shorter pump pulses ͑ϳ42 fs versus 130 fs and 120 fs, respectively͒ and a thinner KNbO 3 crystal ͑1 mm versus 5 mm and 2 mm, in Refs. 15 and 16, respectively͒. The pulses generated by the present OPA have durations short enough to time resolve the vibrational dephasing of the OH-stretching vibration of isotopically diluted water, a system of great interest as a model for pure liquid water and the subject of numerous studies with ϳ150 fs to 1 ps mid-IR pulses. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Therefore, an investigation of the shape of these ultrashort mid-IR pulses following propagation through samples of isotopically diluted water was undertaken in order to observe any reshaping of the pulses and determine proper sample conditions for future nonlinear mid-IR studies. Determination of both the intensity and phase of the pulses was accomplished by XFROG measurements of the FID-modified pulses, constituting a new application of this pulse characterization technique to the study of dipolar molecular responses. 58, 60 Finally, prospects for further improvement of this apparatus are discussed.
II. FEMTOSECOND MID-INFRARED OPTICAL PARAMETRIC AMPLIFIER

A. Design considerations
Selection of a proper nonlinear crystal for an OPA is one of the key elements for successful parametric generation of pulses with desirable properties. In the case of femtosecond OPAs, one must take into account not only the transparency range and cut angle of the crystal, but also the acceptance bandwidth, group velocity mismatch ͑GVM͒ between pump, signal, and idler pulse pairs, and effective second-order nonlinear coefficient (d eff ). These characteristics are important for producing large bandwidth pulses ͑to support short durations͒ with little material ͑to reduce material dispersion and GVM͒ but with adequate parametric gain.
KNbO 3 is a nearly ideal candidate for femtosecond mid-IR generation in the 2500 to 5000 nm region because of its extensive transparency range, broad phase matching bandwidths, and large d eff . The phase matching curve and GVM plots for collinear type I ͑signal, idler, pump polarizations are ooe͒ optical parametric amplification in the xz plane of KNbO 3 are shown in Fig. 1 as calculated 61 from the Sellmeier equations determined by Umemura and co-workers. 62 Note that the full tuning range can be achieved by adjusting the angle by less than 2°. Table I gives a comparison of the acceptance bandwidth, d eff , and GVM of KNbO 3 and KTP at 3000 and 4000 nm. While the GVM per millimeter for some pulse pairs is somewhat less in KTP than KNbO 3 , the factor of nearly four larger d eff of KNbO 3 allows shorter lengths of this crystal to be used for the same level of gain, further increasing the attainable mid-IR bandwidth and reducing overall GVM and material dispersion. Also, note that although the acceptance bandwidth of KTP is larger than that of KNbO 3 at 4000 nm, the transparency of KTP at this wavelength is poor, 19 making KNbO 3 a better choice for this spectral region. The 1 mm crystal length used in the present OPA gives a pump-signal pulse splitting length ͑GVM x crystal thickness͒ of 83 fs at 3000 nm, slightly longer than the temporal width of the cross correlation between the pump and continuum signal pulses (ϳ60 fs).
It has been noted previously that while KNbO 3 OPAs can generate broadband mid-IR light, the pulses produced directly from these devices typically are not transform limited. 16, 63 Spectroscopic demands for short duration, highquality pulses dictate that pulse compression of mid-IR pulses is necessary for experimental applications. Compression using a dispersive prism line is not feasible in this spectral region because the OPA crystal and transmissive optics in the present design exhibit negative group velocity dispersion ͑GVD͒ in this spectral region ͑i.e., dispersive prism pairs impart additional negative GVD͒. Use of a zerodispersion grating stretcher has been used in a mid-IR OPA, 17 but such devices can be lossy and nontrivial to align for mid-IR beams. However, one can take advantage of the fact that materials in the mid-IR can also have positive GVD.
30,64 Figure 2 shows the GVD and third-order dispersion ͑TOD͒ of infrared materials relevant to this article. The KNbO 3 crystal has large negative GVD, as does calcium fluoride (CaF 2 ), which is used in the sample cell windows, collimating lens, and dichroic mirror used in experiments. Addition of materials with positive GVD in the path of the mid-IR beam serves to compensate dispersion to second order ͑TOD cannot be compensated in this manner as all materials have positive TOD͒. Germanium, which also serves as a filter to remove the pump and signal light from the beam ͑Ge is not transparent to wavelengths below ϳ2000 nm͒, is used for pulse compression in the apparatus described herein. Figure 2 also shows dispersion values for silicon ͑Si͒. Prospects for use of this material in dispersion compensation will be discussed in Sec. IV.
B. Performance
Gain-switched regenerative amplifier
The pump source for the OPA was a home-built Ti:Sapphire chirped pulse regenerative amplifier incorporating both electro-optic ͑EO͒ and acousto-optic ͑AO͒ devices. A schematic diagram of the amplified laser system is given in Fig. 3 . A KD*P Pockels cell ͑Lasermetrics model 5046 Pulse Slicer͒, achromatic quarter-wave plate ͑Karl Lambrecht Corporation, MWPAC2-22-HEAR700-1000͒, and thin-film polarizer ͑Alpine Research Optics͒ were used to switch pulses in and out of the amplifier cavity. Gain-switched operation at a 4 kHz repetition rate was facilitated by use of a diode-pumped frequency-doubled Nd:YAG pump laser ͑Lightwave 612, producing a 532 nm pulse Ͻ50 ns in duration͒, obviating the need for a Q switch to suppress amplified spontaneous emission. An AO modulator ͑Intra-Action AOM 125͒ replaced the traditional Faraday rotator and polarizer pair combination as the unidirectional device, 65 resulting in an amplifier with moderate levels of material dispersion compared to more traditional all-EO regenerative amplifier designs.
A four-mirror Ti:Sapphire oscillator ͑KM Labs TS-Laser kit͒ producing ϳ25 fs pulses at a 91 MHz repetition rate was used as the seeding laser for the amplifier; single pulses were extracted from the pulse train with 50% efficiency in a single pass using a 3 mm fused silica Bragg cell ͑Harris H-101͒, reducing the repetition rate to 4 kHz ͑CAMAC Systems Bragg cell driver CD 5000, rf power amplifier PB 1800, and timing system TS 2004͒. Prior to amplification, the pulses were stretched using an all-reflective, single-grating stretcher 66 with a 600 groove/mm gold-coated grating ͑Rich-ardson Grating Laboratories͒ set at the Littrow angle for the oscillator center wavelength ͑790 nm͒. After deflection by the AO modulator, the stretched pulses were injected into an amplifier cavity consisting of a three-mirror ''dog-leg'' arrangement containing the Ti:Sapphire gain medium, Pockels cell, thin-film polarizer, and achromatic /4 waveplate. The concave spherical mirrors in the dog-leg fold around the Ti: Sapphire crystal ͑Bicron, 0.25% doping and 4 mm path length͒ had 20 and 10 cm radii of curvature, while the end mirror was a 4 m radius of curvature convex spherical mirror used to suppress lasing of higher order modes. All mirrors were broadband, low-dispersion dielectric high reflectors centered at 800 nm ͑CVI TLM2͒. The amplified energy per pulse extracted after eight round trips was ϳ35 J. Reflection losses from non-Brewster-angle surfaces within the cavity ͑i.e., from the windows and faces of the Pockels cell and the quarter-wave plate͒ and thermal lensing at higher pump power limited the attainable output power.
Pulses were recompressed using a single-grating compressor ͑also using a 600 groove/mm grating͒ similar to that reported by Joo et al., 67 but using a second roof reflector ͑PLX, Inc.͒ as the retroreflecting mirror to minimize the vertical deviation of the beam from the grating normal. The compression was optimized by adjusting the incident angle and separation distance as dictated by calculations of the dispersion of the stretcher-amplifier-compressor sequence. 68 The duration of the amplified pulses was ϳ42 fs as determined from a second-harmonic generation FROG ͑SHG-FROG͒ measurement and analysis ͑FROG 3.06 software, Femtosoft Technologies; data not shown͒.
KNbO 3 optical parametric amplifier
A schematic of the single-stage KNbO 3 OPA is shown in Fig. 4 . The OPA was pumped with ϳ5 J pulses of 800 nm light from the regenerative amplifier described herein. Approximately 1 J of amplified 800 nm light was used to generate a white light continuum in a 2 mm sapphire plate, and the near-IR portion of the continuum was used to seed the OPA. The sapphire plate was cut at the ͓0001͔ orientation to prevent depolarization of the continuum light, and the time delay between the pump and continuum pulses was controlled using a motorized delay stage ͑Melles Griot Nanomover͒ in the path of the continuum. A long pass color filter ͑Schott RG 830͒ was used to remove the visible components of the continuum before the mixing crystal. The 800 nm pump and the continuum then were combined with a dichroic mirror ͑CVI Laser LWP2͒ for collinear type-I phase matching in a 1 mm thick KNbO 3 crystal ͑VLOC͒. The KNbO 3 crystal was cut for ϭ40.5°͑off b toward c͒ and ϭ0°. Cross-correlation measurements of the pump and continuum in BBO at the location of the OPA crystal gave crosscorrelation widths of ϳ60 fs for wavelengths in the 980-1150 nm range. The central wavelength of the mid-IR output was tuned from 2800 to 4600 nm by adjusting the temporal overlap of the continuum and pump pulses with some tuning of the angle ͑the angle was not adjusted off of normal incidence͒. This ability to phase match broad bandwidths is evident from the steep phase matching curve for KNbO 3 in this wavelength region as shown in Fig. 1͑A͒ .
Temporal characterization of the mid-IR output of the OPA was accomplished by sum frequency cross-correlation measurements with a small portion of the 800 nm pump that was split off before the OPA. The OPA output and gating beams were combined collinearly by a dichroic mirror ͑CVI Laser OPOM; CaF 2 substrate͒ and focused into a 300 m ͑VLOC; ϭ37.6°, ϭ0°͒ or 100 m thick KNbO 3 crystal ͑Spectragen; ϭ37.6°, ϭ0°͒ with a gold-coated 30°off-axis parabolic mirror ͓4 in. focal length ͑f.l.͔͒ for sum frequency generation ͑SFG͒. The thin SFG crystal was needed to phase match the broad bandwidths of the mid-IR pulses. The 300 m thick crystal was used to characterize pulses with center wavelengths longer than 3800 nm due to the increased SFG phase-matching bandwidths in that region and the larger signal levels it afforded.
The cross-correlation signal was imaged onto the entrance slit of a 0.32 m monochromator ͑Jobin-Yvon TRIAX 320͒ after filtering with a broadband interference filter ͓40 or 75 nm full width at half maximum ͑FWHM͒; Coherent͔ centered at an appropriate visible wavelength. Frequencyintegrated cross-correlations were measured with a redsensitive photomultiplier tube ͑Hamamatsu R928͒ with the grating ͑600 gr/mm; blazed at 450 nm͒ set for specular reflection. XFROG traces for field characterization were acquired by line binning the signal dispersed on a charge coupled device array detector ͑Hamamatsu S7032-1007͒ to acquire the spectrum at each time delay. The negative GVD imparted on the mid-IR pulses by the KNbO 3 crystal and CaF 2 optics was compensated by insertion of germanium disks ͑Meller Optics͒ in the beam path. The thickness of the Ge required ranged from 0.76 to 5.3 mm, with the thickness increasing with wavelength. Spectra of the mid-IR pulses were acquired using the same monochromator with a grating blazed at 2500 nm ͑120 groove/mm͒ or 3000 nm ͑300 groove/mm͒ and a liquid nitrogen-cooled InSb detector ͑Kol-mar Technologies͒. The field of the gate pulse was characterized by SHG autocorrelation and SHG-FROG in a 50 m thick KDP crystal in the same setup such that the gate pulse encountered the same optics as in the SFG measurement. The direction of time ͑ambiguous for the SHG-FROG trace͒ for the extracted gate pulses was verified by inserting a piece of glass before the beamsplitter in the autocorrelator and acquiring a second SHG-FROG spectrogram with the added dispersion. 54 Data acquistion was controlled by a personal computer running LABVIEW and LABWINDOWS/CVI.
The XFROG trace and extracted time-domain intensity and phase of the electric field of an idler pulse at 3600 nm are given in Fig. 5 as an example of the performance of the OPA. Prior to FROG analysis, all traces were corrected for the spectral response of the detection system as determined using a deuterium-quartz-tungsten-halogen ͑MK Photonics; for ultraviolet wavelengths͒ or tungsten lamp ͑Ocean Optics LS-2͒. The pulse duration is 48 fs as retrieved by FROG analysis, representing four optical cycles at 3600 nm. The pulse shows a small amount of residual TOD as expected from the dispersion compensation strategy. Plots of the FWHM pulse durations obtained from XFROG analyses and optical cycles per pulse versus center wavelength of the mid-IR OPA output are provided in Fig. 6 . 69 The pulse durations across the tuning range given here are р75 fs; most pulses contain fewer than five optical cycles. The spectra of the mid-IR pulses with center wavelengths from 4000 to 4600 nm exhibit missing intensity in the 4200 to 4300 nm region due to absorption by atmospheric CO 2 ; pulses centered at 4200 and 4300 nm were not characterized for this reason. This spectral modulation, in addition to the large amounts of Ge needed to compensate for GVD, led to significant wings on the long wavelength pulses ͑not shown͒. The FWHM frequency bandwidth of the pulses is 142-440 cm Ϫ1 , giving time-bandwidth products that are less than ϳ0.7 across the tuning range.
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III. COHERENT MID-INFRARED PULSE PROPAGATION IN OPTICALLY DENSE SAMPLES
Pulse profiles were measured using the same apparatus described herein for the cross-correlation and XFROG measurements. A sample cell consisting of two 1 mm thick CaF 2 windows separated by a 200 m Teflon spacer was placed in the IR beam path after the germanium filter. The pulse center wavelength was tuned to the maximum of the OH-stretching vibration absorption at ϳ2950 nm, and the spectrum of the Fig. 8 and were analyzed to extract the intensity and phase of the fields. 71 The associated timedomain electric field intensities and phases obtained using the FROG algorithm are given in Fig. 9 along with their instrument response characteristics.
IV. DISCUSSION
The mid-IR pulses generated by the OPA described in this article contain five or fewer optical cycles over almost all of the tuning range explored. However, these pulses are not quite transform limited in all cases. One approach to improving the pulse quality would be to reduce the amount of CaF 2 encountered by the pulses in the current experimental design. For example, the CaF 2 collimating lens ͑L5, Fig.  4͒ could be replaced by an off-axis parabolic reflector. This would reduce the total negative GVD in the system, therefore requiring less positive GVD material for dispersion compensation and reducing the total TOD. A second strategy to improve pulse quality would be to change the material employed in dispersion compensation. Use of germanium not only leads to large losses from surface reflections ͑refrac-tive index in the infrared is approximately 4.0͒, but also adds large amounts of TOD that cannot be compensated using only materials. Silicon could be a useful alternative to germanium due to lower reflection losses ͑index ϳ3.4͒ and a smaller TOD/GVD ratio ͑see Fig. 2͒ . The material thickness of silicon required is much larger than that of germanium, but the use of a right angle prism pair in contact would provide the longer material lengths needed and allow continuously adjustable dispersion compensation. 72 The reduction of TOD on the pulses should be particularly useful at longer wavelengths, where the magnitudes of both the second-and third-order dispersion of KNbO 3 and CaF 2 increase dramatically. These measures should lead to a reduction in the wings observed on pulses, especially those with center wavelengths beyond 4000 nm. In addition, nitrogen purging of the system to reduce absorption by CO 2 should allow pulses at 4200 and 4300 nm to be characterized.
As the OPA was not optimized for efficiency, further increases in output power are anticipated. Previous work has shown that efficiencies better than 10% pump-to-idler conversion can be obtained for a double-pass KNbO 3 OPA geometry. 16 A second pass through the KNbO 3 crystal, or the addition of a second ''power amplifier'' crystal should improve the energy levels attainable from this design.
The wavelength-integrated pulse profile measurements of Fig. 7 clearly show an increase in the modulation of the pulse tail with increasing sample optical density. As observed from Fig. 7͑B͒ , the details of the FID beat features are dependent on the chirp of the pulse inducing the material response. The effect of chirp on pulse propagation is more apparent in the XFROG spectrograms and extracted fields for these pulses. Figure 8͑A͒ shows the XFROG spectrogram of the FID-modified pulse with 0.76 mm of Ge for dispersion compensation. A small tilt of the beating portion of the signal can be observed, indicating a slight negative chirp ͑GVD͒ on the signal. Figure 8͑B͒ presents the XFROG trace using the same sample, but with 1 mm of Ge. The beating region appears less tilted in this spectrogram. In both cases, the temporal phase of the FID-modified pulse ͓Figs. 9͑C͒ and 9͑D͔͒ shows pronounced shifts near the locations of the minima of the intensity profiles. The magnitude of the phase shifts at these jumps is approximately radians as would be expected from the relative phases of the fields giving rise to the signal ͑i.e., initial, re-radiated FID, and absorbed-and-re-radiated FID fields͒, confirming the assignment of these features as FID beats. 47 However, the steepness of the phase jumps is sharper in Fig. 9͑D͒ than in the Fig. 9͑C͒ . This can be attributed to the chirp of the initial pulse field giving rise to the response, as has been noted previously in a study of optical pulse propagation in CdS. 42 A comparison of the instrument response pulse fields between the two cases reveals that the pulse in Figs. 9͑A͒ and 9͑C͒ exhibits some negative quadratic chirp, while the pulse in Figs. 9͑B͒ and 9͑D͒ has a flatter temporal phase. The curvature of the phase of the former pulse leads to a softening of the sharpness of the phase jumps and slight increases in phase over the duration of the beat field. These effects are less pronounced in the latter case. The influence of pulse quality is also manifested in the depth of modulation of the field intensity. The modulation depth is larger for the pulse with the flatter temporal phase as is evident from Fig. 9͑B͒ .
Observation of FID beats and phase jumps in the high O.D. samples investigated herein indicate that a full Maxwell-Bloch treatment of the propagation would be required to reliably extract information on vibrational dynamics from nonlinear spectroscopic experiments on such samples. 40, 46 Therefore, low-optical density samples will be required for time-resolved measurements with such ultrashort mid-IR pulses if pulse propagation effects are to be neglected in analyses. Conversely, explicit treatment of the electric fields may need to be included in the analysis of time-resolved linear and nonlinear signals. The XFROG technique employed in these studies to determine both intensity and phase behavior of signals can serve as an alternative to interferometric methods of measuring the phase of timeresolved linear and nonlinear spectroscopic signals. Further analysis and simulation of the data, along with additional measurements using pulses with varying levels of chirp, are being pursued to further explore these phenomena.
Note added in proof: The use of materials with positive and negative GVD to compress pulses at 5000 nm was recently detailed in N. Demirdoeven, M. Khalil, O. Golonzka, and A. Tokmakoff, Opt. Lett. 27, 433 ͑2002͒. 
